The x-ray structure of the periplasmic galactose binding protein from Salmonella typhimurium, the specific receptor for taxis toward, and high-%ffinity transport of, galactose has been solved at 3.0-A resolution using multiple isomorphous replacement. The path of the polypeptide chain has been traced, and a model structure consisting of 292 amino acids has been fit to the electron density map. The overall shape of the molecule is that of p prolate ellipsoid, with dimensions 35 
and S-RBP (Mowbray and Petsko, 1982) in hopes of learning about some of the protein-protein interactions involved in chemotaxis in this bacterium. The structure of E-ABP, a periplasmic protein which is involved in transport, but not in chemotaxis, has been solved elsewhere to a resolution of 2. 4 A (Gilliland and Quiocho, 1981) and refined to a resolution of 1.9 A. A comparison between E-ABP and the chemotaxis receptors is also of interest since it may lead to identification of the different structural features controlling the proteinprotein recognition in transport and chemotaxis.
In this report, we describe the backbone structure of S -GBP as determined from a 3.0-A electron density map, and compare it with the tertiary structure of the Escherichia coli arabinose binding protein. 4 published report exists of the structure of E-GBP at 4.1-A resolution (Quiocho and Pflupath, 1980) , but very little could be discerned at this stage of the analysis. The general description of the molecule, however, agrees with our findings. Other evidence exists that the Salmonella and E. coli GBPs are similar Zukin et al., 1977) .
The sequence of S-GBP has not yet been reported. The sequences of the E. coli proteins, E-ABP ) and S-GBP (Mahoney et al., 19811 , and a partial sequence of E-RBP have been compared by Argos et al. (19811, using a variety of structural prediction methods in conjunction with the x-ray structure of E-ABP, in an attempt to identify those structural features specific for recognition in the chemotaxis system. We compare the results of our x-ray analysis with the predictions made by these researchers. 4000 in 0.7% galactose binding protein, 10 mM sodium phosphate, pH 6.0, 150 mM sodium chloride (The choice of perfect seed crystals was important. Twinned or otherwise flawed seeds would grow, but the large crystals SO formed were also imperfect. In general, the choice of a smaller, perfect seed crystal was preferable to that of one that was larger, but flawed.) A seed crystal was then washed in a series of five solutions of decreasing precipitant concentration, ranging from 30 to 15%. The washed seed was placed in a sitting drop containing 15% PEG 4000, 0.45% galactose binding protein, in the sodium chloride/sodium phosphate buffer described above. The added protein was just enough to keep the crystal from dissolving; amorphous material was soluble under these conditions. The droplet was then equilibrated by vapor diffusion against a reservoir of 24% PEG 4000 (unbuffered). In 4 to 5 days, or when the crystal had stopped growing, the concentration of the reservoir was increased to 30% PEG 4000 in two steps several days apart.
A typical crystal used for data collection was a rectangular prism of 0.15 X 0.40 X 0.75 mm, obtained from an initial seed crystal 0.005 X 0.02 X 0.50 mm in size. The crystals have the symmetry of the monoclinic space gr0up~C2, with a = 119.68 f 0.12 A, b = 37.19 & 0.04 A, c = 80.13 f 0.06 A, and p = 123.4 f 0.1". There is one molecule of molecular weight 33,00O/asymmetric unit (Alber et ul., 1981) .
Heavy Atom Deriuatiues-All heavy metal soaks were performed in a stabilizing solution of 30% PEG 4000 in an appropriate buffer, at room temperature in the dark. An extensive range of heavy metal reagents was tried before conditions were found which caused changes in x-ray photographs of the hkO zone, but which did not cause structural damage to the crystals. Most of the problems can be attributed to the absence of sulfhydryl groups, the masking of other relatively rare reactive side chains by crystal packing, and the large number of acidic and basic residues. Derivatives of GBP with heavy metals were ultimately prepared using two distinct approaches. Direct derivatization resulted in two derivatives (K2PtC14 and mercury phenyl glyoxal); both were obtained by soaking the native crystal for two weeks in a solution of the heavy metal reagent (10 mM). K,PtCl, was used in 50 mM Tris acetate, pH 8.0, and mercury phenyl glyoxal in 50 mM sodium phosphate, pH 7.0. Two additional derivatives were prepared by a combined carbon disulfide-mercury treatment. Carbon disulfide reacts with the unchanged amino groups of proteins to form a metastable dithiocarbamate derivative (Leonis and Levy, 1951) . This highly reactive species can then be treated with mercury reagents to form a stable covalent adduct. Crystalline S-GBP was reacted with carbon disulfide under nitrogen in 50 mM sodium phosphate, pH 8.0, for two days at room temperature. The crystals were then immediately transferred to a solution of mother liquor containing heavy metal. The mercurial5 used to derivatize the modified protein were dimercury acetate (1 mM, in 50 mM sodium phosphate, pH 8.0, 1 week) and 2-C1-mercuri-4-nitrophenol (3 mM, in 50 mM sodium phosphate, pH 8.0,3 days). The latter crystal was back-soaked for one day in mother liquor with no heavy metal added. (A crystal of unmodified S-GBP that had been soaked in 2-C1-mercuri-4-nitrophenol lost the distinctive yellow color of the mercurial when back-soaked in this fashion.) The derivatives are further described in Tables I and 11. Datu Coltection-Crystals were mounted at room temperature in 0.5-or 0.7-mm glass capillaries, with the longest dimension of the rod-shaped crystal (b*) alligned with the long axis of the capillary tube. Mother liquor (30% PEG 4000, in the same buffer used for crystallization or heavy metal treatment) was introduced on either side, and a small amount of white paraffin oil was added beyond the mother liquor to reduce the effects of distillation. The capillaries were sealed with Decotinsky wax, and the wax then coated with Duco cement.
Data for all crystals were collected using nickel-filtered copper Ka radiation on a Nicolet P3 diffractometer equipped with a low temperature attachment. Crystals were equilibrated overnight at -5 "C before the start of data collection. Reflections were measured using the background-peak-background method in the a-scan mode in shells of resolution of infinity to 5 A, 5.0 to 3.5 A, and 3.5 to 3.0 A. The (0 8 0) reflection was measured at steps of 15" around $ to calculate an empirical absorption curve for each crystal. Five check reflections representing the full range of 2(8) values were measured every 200 reflections, as a monitor of both radiation damage and crystal slippage. It was occasionally necessary to recenter a crystal during data collection, and reflections were remeasured if the backgrounds were unequal within the expected experimental error. Native data were obtained from two crystals; one was used for measurements from 5 A to infinity, and a second from 3.0 to 5 A. Each derivative data set was measured from a single crystal, except in the case of mercury phenyl glyoxal, where two crystals were used because of a higher rate of radiation damage. Unique data only were collected for the carbon disulfide-2-C1-mercuri-4-nitrophenol crystal from 5 A to infinity. Friedel pairs (hkl and were measured for all other derivative crystals, unless inaccessible because of the low temperature apparatus. The two reflections per Friedel pair were collected close in time to each other to minimize the differences in radiation damage between the two measurements.
Data Processing-Shells of data were worked up separately and scaled together using correction factors based on the relative intensities of the two native crystals, as determined from a set of one hundred overlapping reflections. Only reflections with intensity values greater than twice the estimated standard deviation were accepted for data processing. Integrated peak intensities were corrected for background and an absorption correction was applied as described by North et al. (1968) . Lorentz and polarization corrections were also applied. The rate of radiation damage within each resolution range was estimated from the five check reflections. Radiation damage at the end of data collection was as high as 60% at the greatest resolution, but all plots of check reflections used for the radiation damage correction gave a good linear fit. (It was decided that scaling many sets of crystal data together to make a single data set introduced more errors than the practice of correcting for severe radiation damage and allowing the local scaling to the native to remove residual radiation damage.) Friedel pairs were locally scaled together to reduce the effects of systematic error. The structure factors for each derivative were independently scaled (in the shells as collected) to the native as a function of Zsin(B)/X, c p , and h or k, again to remove systematic errors (North et al., 1968) .
Structure Solution-For each derivative, three difference Patter sons uersus the native were calculated, using isomorphous data only, anomalous data only, and the lower estimates of F H ( F H~s ) as described by Matthews (1966) . (The FHm method estimates the heavy atom structure factor FH, using information from both isomorphous and anomalous differences. Actually, two estimates are obtained, but in the majority of cases the lower estimate will be correct (Dodson and Vijayan, 1971) ; the other cases are systematically discarded.) The quality of the anomalous data was clearly reflected in the quality of the anomalous only and FHm Patterson maps. The two carbon disulfide-mercury derivatives gave unambiguous difference Patterson maps, which could be solved in terms of two sites each. The carbon disulfide-dimercury acetate derivative difference Patterson map clearly showed the two mercury atoms of the dimercurial separated by a distance of about 3.4 A, as expected (Cullis et al., 1958) . For the K2PtCl, and mercury phenyl glyoxal-treated crystals (4 and 3 sites, respectively), difference Fouriers (using "best" phases derived from the carbon disulfide-mercury nitrophenol derivative) were required for the unambiguous location of all sites. The relative y coordinates of each site of each derivative were assigned using these difference Fouriers, as well, with the y coordinate of one site of the carbon disulfide-mercury nitrophenol derivative arbitrarily set to 0.0. All four derivatives shared a common site.
The handedness of the anomalous scattering, and thus of the protein coordinate system, was determined using phases calculated from one derivative alone applied to the difference Fourier coefficients of another (Matthews, 1966) . The difference Fouriers using phases calculated with isomorphous data plus the anomalous data with the correct sign gave higher peaks and lower background than the difference Fouriers using either isomorphous alone or isomorphous plus anomalous data with the incorrect sign.
Refinement of the heavy metal parameters (position, occupancy, and temperature factor for each heavy atom site) was by least squares using the FHLEs, as described by Dodson and Vijayan (1971) . Only a single round of phase refinement (Dickerson et al., 1961 ) (8 cycles) with a figure-of-merit cutoff of 0.8 for the best phases was used, as any differences in the positions of the "common" site of all four derivatives could not be distinguished at this resolution, and the problems of bias and overestimation of such sites have been well documented (Dodson and Vijayan, 1971; Blow and Matthews, 1973) . In some cases, it was necessary to set either the isotropic temperature factor or the occupancy of a site to a reasonable value for refinement, since otherwise, convergence was reached, but these parameters continued to change by small increments. Difference and double difference Fourier maps (Blow and Matthews, 1973) were calculated at various stages of the refinement to locate minor sites and adjust occupancy factors. Final refined parameters for all derivatives are given in Table 11 .
Best phase angles were calculated using the method of Blow and by guest on October 24, 2017
http://www.jbc.org/
Downloaded from
Crick (1959). Anomalous scattering information was incorporated using the procedure of North (1965) , as modified by Matthews (1966) .
The centric isomorphous E values divided by root 2, and the calculated anomalous E values for anomalous data were used for the final round of phase determination. Electron Density Maps a n d Interpretation-The electron density map was calculated on a 1-A grid. Sectioning was along the b-axis in intervals of b/40. The scale was 2 mm = 1 A. Contours were placed at intervals of 0.1 e/A3 on an approximately absolute scare, starting at the estimated error level of 0.2 e/A3. The path of the polypeptide chain was initially traced on the minimap. Starting at the termini and proceding along the density, dots were laced on the map at the positions of obvious a-carbons, about 3.6 K apart. This preliminary structure included the positions of 275 residues. The chain was further fit using the Ring system of programs (Jones, 1982) with a Vector General VG 3404 graphics system linked to a Digital Equipment Corporation PDP 11/60 computer. Idealized pieces of secondary structure (as determined from the minimap) were docked into the electron density, and modified as necessary. A total of 292 residues was fit in this way; there are 309 amino acids in the E-GBP sequence.
Once fit, the S-GBP structure was compared with that of E-ABP by least squares superposition of the a-carbon backbone of the two molecules on the graphics system, using the location of six clearly equivalent pieces of secondary structure to obtain the best fit. Coordinates for the L-arabinose binding protein from E. coli were obtained from the Brookhaven Protein Data Bank (Bernstein et ai., 1977) .
The similarity of the two domains of S-GBP was assessed in a similar fashion.
RESULTS AND DISCUSSION
The positions of heavy metal binding and the occupancy and temperature factors associated with each site are given in Tables I and 11. All of the heavy metal reagents bound at one similar site, indistinguishable at this resolution. The most consistent explanation is that a lysine side chain reacted with mercury phenyl glyoxal or K2PtC1,, or with carbon disulfide, then mercury, in the case of the two-step derivatives. Without the S-GBP sequence, one cannot make an exact identification of the residue involved, but the E-GBP sequence shows a plausible location for this lysine at residue 223. (The equivalent residue in the E-ABP sequence is glutamic acid 217.) There are approximately 32 lysines in S-GBP, most of which should be on the surface of the protein, and accessible to heavy metal reagents. The unusual reactivity of this lysine could be functionally important.
The final combined phases of 4057 reflections had a mean figure of merit of 0.7$ ranging from 0.89 at the lowest resolution to 0.60 at 3.0-A resolution. Phasing statistics for each of the four derivatives are included in Table 11 .
The interpretation of the electron density was relatively straightforward at all stages of resolution; the maps were clean, with few areas of ambiguous density. The molecular boundary and certain features of secondary structure were obvious in the 5-A resolution map. At 3 A, the secondary structure was clear, as were virtually all the connections between pieces of secondary structure. Both termini could be identified. Short breaks in density occurred near residues 29, 51, 57, 59, 99, 127, 130, 184, and 288 in the electron density map, but we are confident that the connectivity as shown is essentially correct. The least distinct portion of density was located near residue 99, in the hinge region; here, the connectivity was assigned when the segments traced from both termini met at this point. Confirmation of the tracing must await the availability of the sequence and subsequent refinement at higher reso1u:ion. Native data have been measured to a resolution of 2.5 A.
The structure of the S. typhimurium galactose binding protein shown in Fig. 1 contains 292 amino acids. The tertiary structure of GBP consists of two domains connected by three strands of peptide chain. The two domains are similar, and include a repeating motif of a helix and parallel secondary structure. Beginning from the NH2 terminus, in the first ( P ) domain, the chain proceeds through a p strand, then a righthanded series of which eventually leads to the next ( Q ) domain. This portion of the chain includes about 33% of the residues. A right-handed (~u-0)~ pattern completes most of the second domain and accounts for another 46% of the residues. The chain then recrosses the hinge region, where an (a$) unit completes the P domain (9% of the residues). The last 0 strand passes again through the hinge region, and enters the COOH-terminal helix, which is associated with the Q domain.
An interesting property of the 3 A electron density map is that the Q domain seems slightly disordered. This might reflect the presence of a minor conformational species, where the P domain remains immobile and the Q domain has a slightly different orientation. A shift in the relative orientation of the P and Q domains is, in fact, proposed to occur on binding of sugar. A change of 20" in the relative angle between the domains, as is proposed for E-ABP on sugar binding in solution (Mao et al., 1982) , would result in a change of position of, at most, 5.5 A at the portions of the protein farthest from the hinge. In the crystal, the change could be less, as unbound protein might be forced into a conformation that is most like the bound form, as a result of the constraints of the lattice. Although it is difficult to accurately estimate the percentage of protein that is sugar-bound in the crystal, we have reason to believe that the protein is predominantly bound to sugar in solution. To this end, we have treated S-GBP in solution with 2 M guanidine hydrochloride to gently denature it and remove endogenous sugar, using a method very similar to that described by Miller et al. (1980) for the equivalent E. coli protein.
As estimated using filter binding assays (Lever, 1972) , the treated protein bound more than twice as much radioactive sugar than an equivalent concentration of the native, untreated, protein in the same assay. This type of behavior has previously been correlated with the presence of endogenous sugar. It is difficult to locate the sugar molecule unambiguously at this resolution, although we do find "extraneous" electron density in the cleft which might be assigned$o bound ligand. The position of this density is within a few Angstroms of the molecular center of pseudosymmetry, as shown in Fig. 1 . The location of the proposed binding site is consistent with that obtained by mapping the position of sugar binding in E-ABP (Newcomer et ai., 1979) and the residues proposed to be involved in sugar binding in the E-GBP (Argos et al., 1981) onto the S-GBP structure.
The folding of the two domains of GBP is very similar. The least squares transformation which would rotate the Q domain onto the P domain was calculated using 15 equivalent CY carbon atoms, and gave a root mean square difference of 2. Fig. 2 shows the two domains of S-GBP, with the Q domain rotated to show the resemblance. The superposi$on of the GBP P and Q domains compares well with the 2.6-A difference between equivalent CY carbons found by Gilliland and Quiocho (1981) for E-ABP. (We did, however, find an additional region of pseudoequivalence not seen in E-ABP, near residues 85 and 227 in the S-GBP structure.) In the same paper, it was proposed that the two domains of the periplasmic binding proteins arose by gene duplication or other genetic mechanism, and subsequently diverged. The tacit assumption was made that the single domain structure was biologically useful, but that the bi-lobed structure possessed advantages that the original molecule could not provide. It is not yet clear what these advantages might be, since the usual arguments of flexibility and ability to sequester the substrate from the solvent do not explain why the similarity of the two domains should be so carefully preserved in S-GBP.
S-GBP is a dimer in the crystal. The intermolecular contacts across the crystallographic and molecular 2-fold axis involve the residues between the helix at residue 112 and the hairpin bend at 272 in the hinge region. The crystals of the S-RBP have 2 molecules/asymmetric unit (Mowbray and Petsko, 1982) , which may be related to the same phenomenon. Dimers have been reported in E-GBP that has been precipitated with ammonium sulfate and resuspended (Rashed et dl., 1976) . Multimers, particularly dimers, of the E. coli galactose and maltose binding proteins have also been found to exist in solution, when the preparations are done without concentration of the osmotic shock fluid (Richarme, 1982) . The addition of maltose to the E. coli maltose binding protein (a sugar binding protein which reacts with the product of the tar gene rather than trg), or galactose (but not glucose) to the E-GBP causes a shift in equilibrium from the dimer to the monomer. The addition of galactose to GBP on isoelectric focusing gels causes a shift from two closely migrating forms to one form (Boos et al., 1981; Mowbray and Petsko, 1982) . The two forms on the gels may represent the monomer and dimer. In the periplasmic space, where the osmolarity is relatively high (170 mosM, Stock et al., 1977) and aggregation should be favored in the absence of sugar, the dimer may be functionally important. One possible role is that the dimer masks sites which are important in recognition of the membrane bound proteins for chemotaxis and transport.
It is likely that the tertiary structures of the GBPs from S. typhimurium and E. coli are very similar, as they have many similar properties such as amino acid composition, K d values, and specificity for various ligands (see Alber et al., 1981; Zukin et al., 1977) . The amino acid sequence of S-GBP has not been completed, although enough information is available to state that the sequences of the E. coli and S.
typhimurium GBPs are similar . This is consistent with our electron density map; many regions correlate well with the E-GBP sequence. We have not, however, attempted to force the sequence of E-GBP to fit the structure Perhaps the most interesting analysis of the tertiary strucof S-GBP. 
3.0-A Structure of S.
ture of S-GBP lies in the comparison with the E-ABP, the structure of which has been reported to a resolution of 2.4 A (Gilliland and Quiocho, 1981) . The transformation of E-ABP onto S-GBP was calculated using 6 equivalent pieces of secondary structure 660 a-carbons) and had a root mean square difference of 1.7 A. The transformation is: Fig. 1 ). The two structures are, in most places, indistinguishable at this resolution. This was not entirely unexpected, as E-ABP and E-GBP share antigenic sites (Parsons and Hogg, 1974) . However, the extent of the similarity is greater than the sequence differences would lead one to believe. The sequence homology between E-GBP and E-ABP is only 18% . The S-GBP sequence would, of course, be needed for an exact comparison, but it seems reasonable to assume that the sequence homology between E-ABP and S-GBP is also very low. We have mapped the conserved residues of E-ABP and E-GBP onto the structure of E-ABP. We can see no consistent pattern in the fraction of residues conserved in the interior, exterior, or in the cleft of the molecule. The most notable features are that disproportionately high fractions of glycine (11/21 = 52%, mostly in the Q domain), lysine (11/32 = 34%), and arginine (2/6 = 33%) are conserved. The Q domain may particularly require the flexibility that glycines impart for the relative movement of the two domains. There is no obvious pattern in the locations of the conserved lysines and arginines, although the preservation of positive charges may have some importance. Since the bulk of the tertiary structure of the two molecules is so similar, it is likely that any large changes will be important in the different reactivities of E-ABP and S-GBP with the membrane proteins for chemotaxis and transport. At this resolution, we observe four changes in the tertiary structure that may be considered significant. We will outline these using the sequence and structure of E-ABP as a system typhimurium GBP 7995 of reference. Fig. 4 shows a schematic drawing of the S-GBP in the same orientation as that in Fig. 3 with those regions of E-ABP which differ most from S-GBP shown shaded. Two changes are apparent in the P domain (composed mostly of the NH,-terminal residues of the sequence). The first is found near residues 92 to 102 in E-ABP, which corresponds to residues 83 to 93 in the S-GBP structure. In this region, E-ABP has two prolines (residues 99 and 104) whiFh cause a protuberance of the chain, extending about 8 A into the solvent. The equivalent portion of S-GBP is a small helix, tucked close to the rest of the molecule. Comparison of the amino acid sequences of E-GBP and the partial sequence of E-RBP (Argos et al., 1981) has indicated that this is a region of significant homology in the galactose and ribose binding proteins, which are proposed to interact with the same membrane protein, the product of the trg gene (Strange and Koshland, 1976) .
A second difference occurs in the region of residues 276 to 277 in the E-ABP sequence, corresponding to the residues 262 to 273 in the S-GBP structure. At this point, the galactose binder has a bulging loop structure which joins a hairpin turn and a nearby helix. The x-ray structure of E-ABP shows a shorter loop with no hairpin bend. Argos et al. have proposed a deletion of 6 residues in the same region of the arabinose binder sequence, relative to E-GBP. This portion of S-GBP is involved in dimer contacts in the crystal.
In the Q domain, two further differences are apparent. At residues 241 to 244 in the E-ABP structure, there is a protruding loop of about !our residues which is much shorter (a difference of about 6 A) in the structure of S-GBP. Argos et al. proposed a similar deletion in the E-GBP and E-RBP sequences, but suggested that its position was between residues 226 and 227. The x-ray structure of S-GBP is less consistent with this interpretation of the sequence data. At this latter portion of the structure, the electron density map shows a loop that is virtually identical in character and placement to that in the arabinose binder. The helix joining this loop in GBP is apparently straightened, and several residues may be deleted, but the overall change in shape is not large, and probably not very important for biological activity. A detailed interpretation of the electron density in this region is complicated by the fact that there may be a slight distortion of the helix due to the proximity of the major common site of the derivatives used in the S-GBP structure determination. The actual size of the loop is, however, clear. A better analysis must await refinement of the S-GBP structure. The sequence of E-RBP is available for this portion of the molecule and is very similar to that of E-GBP.
A further deletion causes a shortening of the COOH-terminal helix of S-GBP relative to E-ABP. This is in accord with the prediction of Argos et al. that five residues are deleted from the COOH terminus of E-GBP. The COOH-terminal helix is also tilted differently in S-GBP than in E-ABP. As this portion of the molecule juts out from the rest of the structure and is involved in intermolecular contacts within the crystal, it is difficult to predict whether this is the actual solution conformation. The periplasmic binding proteins have often been proposed to form a family of related molecules. It is possible that ABP and GBP are descended from a common ancestral gene, and that differing functions have been promoted by amino acid changes that modified the sequence of the proteins while leaving the basic structure of the molecules relatively intact. The presence of common antigenic sites may reflect some common site, e.g. for binding to the membrane. However, ABP and GBP are the only pair of binding proteins which have been reported to be antigenically related, so any function associated with the antigenic sites may not be a general phenomenon. Arabinose and galactose are similar sugars, and it is reasonable that the sugar binding site also should be similar in configuration.
The low sequence homology between the arabinose and galactose binding proteins of E. coli could also be used as an argument for the convergent evolution of the two proteins, although it is not clear why it should be necessary to have such exact replicas of the molecular shape simply to bind sugar. One then must propose that another selective pressure, such as the ability to react with evolutionarily related transport systems, is in force. In either case, it is clear that this particular tertiary structure must be extremely important in the function of the periplasmic binding proteins.
We feel that the differences in E-ABP and S-GBP structures as described above are adequate to explain the variation in interaction of these binding proteins with the membranebound components of the transport and chemotaxis systems.
The changes are located in two areas on that surface of s-GBP nearest the crystallographic and molecular %fold axis, and thus may have some role in the formation of dimers. It is possible that recognition sites for the membrane-bound chemotaxis and transport proteins are masked in the dimer. (An extension of this observation is that the P and Q domains of S-GBP are more similar than those of E-ABP. This enhanced pseudosymmetry could also be important in the function of S-GBP.) The importance of these regions in the chemotactic response are substantiated somewhat by the fact that the available segments of E-RBP sequence suggest a strong similarity to the E-GBP structure, rather than to the E-ABP structure in these places (Argos et al., 1981) . The structures of additional binding proteins and the refinement of the S-GBP structure at higher resolution will be needed before a better analysis can be made.
